In Canada and elsewhere, logging practices in natural-origin forests have shifted toward retention systems where variable levels of mature trees are retained post-logging to promote a diversity of values. We examine multiple sites that experienced a wide range of prior harvest regimes (0-76% basal area removal) to evaluate how harvest intensity and proximity to a logging-created edge affects susceptibility to windthrow for a suite of tree species in complex-structured mature and old-growth mixed-species stand types in British Columbia. We found no increased susceptibility to windthrow as a function of the level of partial harvesting. We observed a reduced susceptibility to windthrow of smaller trees after partial harvesting. There were clear differences in susceptibility to windthrow among different tree species close to the edge of gaps and small openings (<1 ha in size) created by partial harvesting. Hemlock and redcedar, the two most common trees species, were unaffected by edge environments, whereas the less common conifers and deciduous species were more susceptible to windthrow along partial harvest edges. This suggests tree-marking guidelines should remove the species most prone to windthrow from edges around small openings in these forest types. Our study and others suggest use of retention systems in structurally diverse, multi-species forests does not lead to elevated risk of windthrow, especially if retention levels exceed 20-30%.
Introduction
Retention forestry, where variable levels of mature trees are retained after logging, is becoming a more common practice in boreal and temperate forests [1] . Globally, retention forestry is part of a more widespread shift in the management of natural-origin and managed forests toward approaches that aim to promote long-term productivity, self-organization and adaptability [2, 3] . The risk of damage by wind (windthrow) after retention-forestry practices, or more generally after any type of silvicultural or logging entry that removes standing trees, is a widespread concern among forest practitioners.
Stand, site and storm conditions can influence windthrow risk in many ways [4, 5] . Windthrow is generally thought to be affected by stand structure and composition (tree height, age, species, presence of pathogens), site conditions such as soil moisture and depth, landscape configuration (including local topography and location of adjacent clearings), silvicultural interventions (e.g., % basal area removal and spatial pattern of tree removal), and storm characteristics (season, wind direction, average and maximum gust wind speed). For example, windthrow in small wildlife tree patches retained after harvest (such as is commonly done in the retention system, [1] ) was primarily caused by exposure to strong winds with site and stand factors playing little role [6] . An earlier review [7] found that detailed studies of how windthrow risk is influenced by different levels of removal or by the spatial pattern of tree removal are few. Albrecht et al. [4] indicated that the relative importance of interventions (e.g., thinnings or partial harvests) compared to other known factors influencing windthrow risk remains unclear. Recent empirical and modelling efforts are attempting to address these shortfalls [8] [9] [10] .
Designed experiments provide tests of only a limited set of possible retention levels, patterns and site conditions, and the results are contingent on the properties of any windstorms that follow logging (e.g., [11] ). In our current study, we used a comparative approach introduced by [12, 13] that relies on easily collectable field data to determine the functional relationships between storm severity and the susceptibility of trees to windthrow. Their approach took advantage of the inherent variability in storm intensity across an affected area to simultaneously estimate both local storm severity and species-specific variation in susceptibility to windthrow as a function of storm severity and tree size. While the method was first applied in unmanaged stands, it can be readily extended to incorporate the effects of retention systems and partial harvesting in order to examine specifically how the level or pattern of tree retention/removal affects windthrow risk.
In this study, we directly address how the risk of windthrow is affected by partial-cutting logging practices in complex-structured, mature-to old-growth mixed-species forests. Our specific objectives were to evaluate how harvest intensity (% basal area removal) and proximity to a logging-created edge affect species-specific windthrow risk for trees of different canopy positions in the natural-origin mixed interior cedar-hemlock forests of north-western British Columbia (BC).
Materials and Methods

Study Area
This study is a component of the Date Creek Silvicultural Systems Experiment [14] , located near Hazelton, north-western BC (55 • 22 N, 127 • 50 W; 370-665 m elevation). Study sites were located in the moist cold subzone of the Interior Cedar-Hemlock biogeoclimatic zone (ICHmc [15] ). Forests of this region represent a transition between the interior Sub-Boreal Spruce zone to the east and the Coastal Western Hemlock zone to the west [16, 17] .
Western hemlock (Tsuga heterophylla (Raf.) Sarg.) is the late successional dominant in these forests, followed by western redcedar (Thuja plicata Dougl. ex D. Don), with varying mixtures of subalpine fir (Abies lasiocarpa (Hook.) Nutt.), hybrid spruce (a complex of white spruce (Picea glauca (Moench) Voss), Sitka spruce (P. sitchensis (Bong.) Carr.) and Engelmann spruce (P. engelmannii Parry ex Engelm.)), lodgepole pine (Pinus contorta var. latifolia Engelm.), paper birch (Betula papyrifera Marsh.), trembling aspen (Populus tremuloides Michx.) and black cottonwood (Populus balsamifera ssp. trichocarpa Torr. and Gray), and at higher elevations, amabilis fir (Abies amabilis Dougl. ex Forbes). Morainal parent materials dominate the area, ranging in texture from loamy sand to clay loam. Eluviated dystric brunisols, orthic dystric brunisols, and orthic humo-ferric podzols are the most common soils [18] .
Field Methods
We sampled wildfire origin (120-350 years ago) stands, containing stratified mixtures of coniferous and deciduous tree species, within the 4000 ha Date Creek Research Forest or in nearby operational logging areas in the Helen and Muldoe drainages (~20-50 km north of Hazelton). Local knowledge of partial cutting areas with different retention/removal levels was used to search for potential sample stands. We established a balanced number of sample plots within stands representing a range of basal area removal. We purposely spread our sampling throughout the study area. Each sample site was uniform in topography and soils and represented mesic conditions (average soil moisture and nutrients for the region).
We did not sample in areas with evidence of multiple, recent storm events (e.g., cohorts of windthrown trees with distinctly different levels of decomposition). We sampled areas where we could reliably determine that (1) only a single event had caused the damage; and (2) that the event was recent enough for sampled windthrow trees to be reliably differentiated from other sources of windthrow or mortality. Plots were located so that the overall degree of windthrow was relatively uniform within the plot. No plots were located within 40 m of an opening greater than 1 ha in size. We sampled in areas with no logging history (6 plots) and in areas that had been partially harvested with varying levels of basal area removal (18 plots) (Tables A1 and A2) .
In practical terms, each plot needed to be large enough to contain approximately 25-50 individuals in order to generate sufficient sample sizes for our analysis. We used variable-sized circular plots (106-1963 m 2 ) to ensure roughly equal sample sizes in each plot. The distribution of sample trees was well balanced by harvest intensity, with 20%, 26%, 21% and 33% of sample trees in areas with 0-20%, 20-40%, 40-60% and 60-80% basal area removal, respectively (Tables A1 and A2 ).
Species and diameter at breast height (DBH, measured at 1.3 m height) were assessed on all windthrown and standing trees >10 cm DBH rooted within the plots (n = 915, Tables A1 and A2). Plots contained 20 to 81 trees, with most plots containing 25 to 50 trees. Windthrown trees included trees either snapped or uprooted (uprooted included trees leaning at greater than a 45 • angle from the vertical). Sample trees were recorded as edge trees if they were rooted within 10 m of a logging-created opening greater than 0.01 ha in size (10 × 10 m). Within partial cut areas, stump diameters were recorded in order to calculate harvest intensity (% basal area removal) associated with each plot. Partial cut sites were logged 2-12 years before sampling, and before the discrete storm event associated with the plot.
Analysis
Our analyses closely follow the regression methods outlined in two earlier studies [12, 13] , in which the probability of windthrow is modelled using a hierarchical logistic regression as a function of (i) storm severity; (ii) tree species; and (iii) tree size. We extended the analyses to consider whether risk of windthrow is also a function of (iv) harvest intensity (% of basal area removed in a harvest prior to the storm); and (v) proximity of a tree to a distinct forest edge. We used a model selection approach to compare a set of increasingly complex models incorporating different subsets of these factors in different functional forms. In effect, the alternate models represent competing hypotheses for the suite of factors examined in this study to predict susceptibility to windthrow.
An important feature of the analysis is that it simultaneously estimates both local storm severity and species susceptibility to windthrow. In principle, it would be desirable to have independent, physical measurements of storm severity (wind speed, duration, etc.). Accurate, plot-level measurements of wind speeds during severe storms, however, are rarely available. An alternative approach, employed here, is to simply estimate a plot-level term in the regression model that can be interpreted as an index of storm intensity, on a scale ranging from 0 when the storm is below the intensity required to produce any measured degree of damage on any trees, to 1 when all canopy trees, regardless of species or size, would suffer catastrophic damage. It is important to note that storm severity is not measured from the data; rather, it is an estimated parameter of the hierarchical logistic regression model. In a traditional framework, this is analogous to estimating plot-level parameters to account for the nesting of trees within plots. Thus, the analysis is explicitly hierarchical, with a separate storm severity parameter estimated for each plot. One of the benefits of using a likelihood and model comparison approach is that our models assign a specific meaning to that plot-level parameter (namely storm severity). The hierarchical nature of the regression model also avoids issues of pseudo-replication given the nesting of measurements of trees within plots.
Our likelihood analysis requires a census of the target species in a series of plots that vary widely in overall degree of damage. The plots need to contain a reasonable mixture of species and tree sizes to avoid confounding the effects of those terms with the effects of variation in storm severity. The plots also need to be small enough to satisfy the assumption that local storm severity was roughly uniform within the plot. Our basic regression model ignores both harvest intensity and proximity to edge and fits the simple hierarchical logistic model developed for windthrow risk as a function of storm severity, tree species and tree size [12] :
where p isj is the probability of windthrow for the jth individual of species s in plot i, S i is the estimated storm severity for plot i, DBH isj is diameter at breast height (cm at 1.3 m height) of the jth individual of species s in plot i, and a s , b s , and c s are estimated, species-specific parameters. Since DBH and tree height correlate closely, either of them can be used as a predictor for tree size. The storm severity index (S i ) is allowed to vary from 0 to 1, with 1 representing the most severe level of windthrow observed in any of the plots in the dataset. By setting the b s parameter in Model 1 to zero, we also tested an even simpler model in which the risk of wind damage is species-specific, but independent of tree size:
We then tested two alternate models that incorporated the effects of harvest intensity and proximity to an edge. Model 3 introduces the effect of prior harvest removal and assumes that the effect (on the logit) is additive and independent of tree size:
In this model, BA is the fraction of basal area removed in the harvest, and h s is a species-specific parameter controlling the magnitude of the effect of prior harvest on the risk of windthrow of species s.
Model 4 assumes the effects of prior harvest interact with tree size:
Models 1a, 3a, and 4a are the same as Models 1, 3, and 4, but separate c s parameters are estimated for non-edge and edge trees of each species. The exponent in Model 4 allows a complex set of behaviours, depending on the estimated species-specific parameters (b and h). If h > 0, then at low BA removal the probability of windthrow is similar regardless of tree size, and at high BA removal there is a greater difference between large and small trees. If b < 0, then at low levels of removal, tree size has a large effect, and at higher levels of removal a smaller effect. If the exponential term is positive over the entire range of observations, then larger trees always have a greater probability of windthrow. If the value of the whole term crosses from positive to near zero or negative, then the effects of tree size vary with BA removal. We examined output for both Model 3 and Model 4 for evidence of confounding of the parameter estimates for site-specific storm severity (S i ) with the observed level of any prior partial harvest (BA), but there was not a significant relationship between either BA removal and estimated storm severity (r = 0.39, p = 0.06) or between level of prior harvest and observed proportion of stems in the plot that were windthrown (r = 0.14, p = 0.53).
We tested use of both absolute DBH and relative DBH (i.e., the DBH of an individual tree as a fraction of the DBH of the largest tree in the plot). Relative DBH reflects the position of an individual in the size hierarchy within a given stand (i.e., dominant to subordinate). We examined relative DBH because of our assumption that both exposure to wind and susceptibility to windthrow might vary more as a function of position within the size hierarchy of a stand than as a function of absolute DBH.
Maximum likelihood estimates of model parameters were derived using simulated annealing (a global optimization algorithm) to determine the most likely parameters (i.e., the parameters that maximize the log-likelihood), given our observed data set. See Canham et al. [12] for details of the likelihood function and the annealing algorithm. While the annealing algorithm used for the analyses reported here was implemented in dedicated software, the algorithm is also available in the likelihood R package. We used the Akaike information criterion (AIC) to incorporate both parsimony and likelihood in selecting the best model.
Results
Model Selection
Models that used relative DBH were consistently better than models that used absolute DBH (AIC values 10-38 units lower; Table 1 ). Omitting size effects altogether resulted in a much worse fit (Model 2 vs. Model 1; Table 1 ). Model 3, which introduced the level of partial harvest as an independent and additive effect on susceptibility to windthrow, was not supported by the data (higher AIC values than either Model 1 or Model 4; Table 1 ). Strong support, however, was found for an interaction between the effects of DBH and partial harvesting (Model 4 vs. Model 1; Table 1 ). We also found strong support for relative DBH models that included edge effects in the prediction of windthrow risk (i.e., Models 1a, 3a, and 4a vs. Models 1, 3, and 4; Table 1 ). The best overall model (Model 4a; Table 1 ) predicted susceptibility to windthrow as a function of all four independent variables: storm severity, relative tree size, prior harvest level (interacting with tree size) and proximity to an edge. The model provided a good fit to data, although it overestimated slightly the probability of windthrow in the middle of the range of predicted probabilities (Figure 1 ). Figure 1 . Goodness of fit of the analysis of the windthrow data. Plotted are the observed proportions of stems actually windthrown, as a function of the predicted probability of windthrow (using the parameters for Model 4a, reported in Table 2 ). The observations are divided into uniform classes of predicted probability of windthrow (0-0.1, 0.1-0.2, etc.). The numbers above each symbol give the number of observations in that class. Also plotted is a 1:1 line.
Our approach simultaneously estimates both the local effective severity of the storm (as an index, with a maximum of 1 for the plot with the greatest estimated storm severity) and the species and site conditions that determine susceptibility to windthrow given the estimated storm severity. Thus, our results reflect the range of storm severities included in our sample of plots. A plot of the estimated storm severities versus the proportion of stems >10 cm DBH that were windthrown indicates that there was a broad range of storm severities represented in the sample (Figure 2) , and that the plots with the highest estimated storm severity experienced almost catastrophic windthrow (~80% of stems windthrown).
Figure 2.
The relationship between the estimated storm severities for the 24 plots in the study and the observed proportion of stems >10 cm DBH that were windthrown. Note that the actual proportions of stems windthrown is a function of both storm severity and differences among plots in species composition and size structure, as well as logging history.
Windthrow Susceptibility in Unlogged Forests
There were clear differences among species and tree sizes in susceptibility to windthrow in unlogged forests (i.e., sites with no partial harvesting and no edge effects; Figure 3 ). In general, western hemlock was the most susceptible to windthrow, and the risk of damage varied little with relative tree diameter (Table 2 ; note that the estimate of the b parameter is near zero). Western redcedar was generally the least susceptible to windthrow (lowest c parameter, Table 2 ), especially at high storm severity, and the risk of windthrow was little affected by tree size (Figure 3 ; Table 2 ). The susceptibility to windthrow of the other conifer and deciduous species varied considerably depending on size, with smaller trees (relative to the largest tree in the stand) at greatest risk (Table 2 ; note the negative b parameters). The individuals with the greatest risk of windthrow were trees of the deciduous species that were small relative to the largest tree in the stand (Figure 3) . Figure 3 . Predicted susceptibility to windthrow as a function of species and relative tree size for the 4 species groups in unlogged stands. The predictions were generated from Model 4a, using the parameters reported in Table 2 , but with no prior harvest and for non-edge trees. (A) For trees with a relative DBH of 1.0; (B) for trees with a relative DBH of 0.66; (C) for trees with a relative DBH of 0.33. Relative DBH is the DBH of a tree as a fraction of the largest DBH tree in the plot.
Windthrow Susceptibility in Partially Cut Forests
We found no overall increase in the risk of windthrow with increasing level of partial harvesting (Figures 4-7) . In fact, for the smaller relative DBH trees, windthrow risk actually declined as basal area removal increased, while for larger relative DBH trees the risk was essentially constant regardless of level of prior partial harvesting (Figures 4-7) . . Predicted susceptibility to windthrow as a function of relative tree size and proximity to a forest edge for western hemlock. The predictions were generated from Model 4a, using the parameters reported in Table 2 , for two different levels of prior harvest (30% and 60% basal area removal) and for 3 different relative tree sizes (0.33, 0.66, and 1.00 relative DBH). (A) For non-edge trees in a plot with a 30% harvest; (B) edge trees in a plot with a 30% harvest; (C) non-edge trees in a plot with a 60% harvest; (D) edge trees in a plot with a 60% harvest. . Predicted susceptibility to windthrow as a function of relative tree size and proximity to a forest edge for western redcedar. The predictions were generated from Model 4a, using the parameters reported in Table 2 , for two different levels of prior harvest (30% and 60% basal area removal) and for 3 different relative tree sizes (0.33, 0.66, and 1.00 relative DBH). (A) For non-edge trees in a plot with a 30% harvest; (B) edge trees in a plot with a 30% harvest; (C) non-edge trees in a plot with a 60% harvest; (D) edge trees in a plot with a 60% harvest. . Predicted susceptibility to windthrow as a function of relative tree size and proximity to a forest edge for other conifer species. The predictions were generated from Model 4a, using the parameters reported in Table 2 , for two different levels of prior harvest (30% and 60% basal area removal) and for 3 different relative tree sizes (0.33, 0.66, and 1.00 relative DBH). (A) For non-edge trees in a plot with a 30% harvest; (B) edge trees in a plot with a 30% harvest; (C) non-edge trees in a plot with a 60% harvest; (D) edge trees in a plot with a 60% harvest. . Predicted susceptibility to windthrow as a function of relative tree size and proximity to a forest edge for the group of deciduous species. The predictions were generated from Model 4a, using the parameters reported in Table 2 , for two different levels of prior harvest (30% and 60% basal area removal) and for 3 different relative tree sizes (0.33, 0.66, and 1.00 relative DBH). (A) For non-edge trees in a plot with a 30% harvest; (B) edge trees in a plot with a 30% harvest; (C) non-edge trees in a plot with a 60% harvest; (D) edge trees in a plot with a 60% harvest.
Species-specific differences in response to both basal area removal and proximity to edge were clearly evident in the analysis (Table 2) . For example, hemlock trees showed little effect of proximity to edge on risk of windthrow. In fact, edge trees appeared to be slightly more resistant to windthrow ( Figure 4 ; Table 2 ). Partial cutting had a minimal effect on redcedar risk of windthrow: risk of damage to redcedar was low regardless of the level of basal area removal or proximity to an edge ( Figure 5 ).
Our sample for the group of other conifer species was dominated by hybrid spruce (42%) and lodgepole pine (42%), with amabilis fir and subalpine fir each contributing only 8% of the observations in that group of species. As a group, these subordinate conifer species showed strong differences in susceptibility to wind damage in partially cut versus unlogged forests (Figure 6 ). In unlogged forests, smaller relative DBH stems had much higher susceptibility to less severe storms than larger relative DBH stems (Figure 3) . In partially cut forests, the largest of this group of species were at most risk of windthrow, but only under relatively high levels of BA removal (60%; Figure 6 ). Individual trees near an edge had an increased susceptibility to windthrow across all levels of biomass removal (Table 2 ; high c edge ; Figure 6 ).
Sample sizes were lower for the combined deciduous tree species than for hemlock, redcedar or the other conifer grouping (Tables A1 and A2 ). Paper birch represented 68% of the combined deciduous sample trees, followed by trembling aspen (27%) and black cottonwood (5%). The sample size for edge trees (4 trees total) was very low. The smallest-sized deciduous trees were extremely vulnerable to wind damage in partially cut forests ( Figure 7 ; Table 2 ; note the negative b parameter). Proximity to an edge substantially increased the risk of wind damage for deciduous species of all sizes ( Table 2 ; high c edge ; Figure 7 ), although our confidence in this result is weak because of the very small numbers of edge trees in this group of species.
Discussion
An important feature of our study is that it separates the role of variation in storm severity from the effects of plant traits (species and size) and logging history (level of basal area removal and proximity to an edge) on the susceptibility of an individual to windthrow. We examined a wide range of sites, species compositions and levels of basal area reduction (0-76% removal), representing a variety of retention systems, in a mountainous forested region of north-western British Columbia.
Our model selection approach provides insight into how tree-level heterogeneity and partial harvest intensity interact to influence storm risk in forests. Our study is relatively unique in that it looks at susceptibility to damage from wind after first-entry harvesting in natural origin mixed-species forests. In these forests, we found no general increase in risk of windthrow with increasing level of partial harvest up to the maximum level of 76% removal observed in the study. For the larger relative diameter trees in our study, the risk of damage was essentially constant regardless of level of partial harvest, but interestingly for smaller relative diameter trees windthrow risk declined as removal levels increased. This may simply be due to there being less chance that a small tree is uprooted or broken by a larger tree as the removal rate increases. Although the overall risk of damage was unaffected by removal level, we did observe species-specific differences in damage near edges of small openings in partially harvested areas.
The forests sampled in our study were mature and old-growth stands of natural origin with no management intervention prior to partial cutting. These wildfire origin stands were mixed-species and would be considered even-aged, but would not be as uniform in structure as managed plantations. Old growth stands were multi-storied. In similar stand types in coastal BC, few trees were windthrown until partial cutting rates exceeded 80% removal [19] . Based on our study, we would add that the risk of windthrow is constant at partial cutting rates up to 76% removal in structurally variable, species-diverse forests. This contrasts strongly with results after thinning in uniform even-aged European forests where selective interventions removing 15-30% of the growing stock has been shown to increase the risk of wind damage [4, 5, 20] .
Management interventions can have considerable influence on the susceptibility of forests to strong winds. For example, partial harvesting can create edge environments when groups of trees are harvested in small gaps or patches (i.e., openings <1 ha in size), as was the case at our study sites. In these edge environments, we found species-specific differences in susceptibility to storm damage. The two most common tree species in the study area, hemlock and redcedar, were not more susceptible to windthrow in edge environments. In contrast, the less common conifers and the deciduous species were more susceptible to windthrow along partial harvest edges. This suggests that during partial harvesting operations in complex stand types, tree-marking guidelines should include removal of the most wind-prone species from edges around small openings. In an earlier study, in natural origin high-elevation spruce-fir types in southern BC, windthrow was concentrated around the edges of openings (0.1-10 ha) [21] , and as in our study there were species-specific differences in overall susceptibility. In European managed forest landscapes, edge exposure by harvesting was an additional risk factor, and certain species (e.g., Norway spruce) were more prone to damage than others [4, 20] . Stand characteristics, especially tree species, were the most important factors for predicting storm impact [4] .
To understand how storms can impact windthrow risk in forests, multiple approaches to data collection, analysis and modelling should be encouraged across different forest types. There is not one method of inquiry that if correctly pursued will provide a comprehensive understanding of windthrow in all forest types [22] . There are clearly many interacting factors that explain the risk of windthrow for any given stand type, location or time [4, 5, 21, 23] . It is possible to develop mechanistic models of windthrow risk based on wind characteristics and very detailed parameters describing individual tree architecture and rooting patterns in sites with complex topographies [24] [25] [26] . Historically, these models have concentrated on simulation of storm damage within uniform stands [26] .
The use of mechanistic models is difficult in structurally complex forests with variability in tree species, size and health, and this difficulty is further compounded when these forest types are found in mountainous terrain [19] . Modelling efforts, however, are now shifting to addressing storm damage dynamics in highly heterogeneous forest stands and landscapes [27, 28] , such as those found in the natural origin forests of BC. There are not necessarily any advantages between mechanistic and statistical approaches for understanding and predicting wind damage in forests at the stand level [29] . This suggests it is beneficial to identify advantages and limitations of both approaches in order to develop wind-damage risk-assessment tools for different stand types [22] .
Our empirical study based on a relatively simple and rapid field assessment, followed by an analysis using a model formulation and comparison paradigm based on a likelihood approach [12, 13, 30] , has encapsulated the basic processes that generate the observed patterns of windthrow after partial harvesting in structurally complex and species-diverse natural origin forests. This approach can be used at any time to better understand the susceptibility of storm damage after partial cutting in complex structured forests and is an alternative to the traditional approach of detailed sampling after a known storm event [4, 20] . The equations and parameter estimates from a model formulation and comparison approach could be used to aid development of more mechanistic models for complex stands in diverse landscapes.
Conclusions
While we attempted to cover a wide range of stand conditions, ours is only one study. Our results indicate that susceptibility to windthrow is not increased as a result of partial harvesting in natural-origin structurally diverse, multi-species forests of north-western BC. Some topographic locations clearly are high risk for windthrow [30] , but many are not, and there is mounting evidence that partial harvesting does not, in and of itself, increase the risk of windthrow in complex structured stands when retention levels exceed 20-30% [10, 19, 21] . 
